Objectives. Manganese (Mn) is an essential element, but overexposure can have neurotoxic effects.
tial nutrient, with an adequate daily intake level of 1.8-2.6 milligrams (mg) for adults (2) , but also has the potential to produce neurotoxic effects when, depending on the route and dose of exposure, it accumulates in an organism, especially in the brain (3) . The vast majority of studies on neurotoxic effects of Mn were conducted in occupational settings where exposure occurs mainly though inhalation of airborne particulates. Few studies have investigated possible overexposure of children to Mn. It is generally accepted that children are at greater risk than adults exposed to the same contaminants from the environment (4) . Although data are sparse, there is increasing concern for possible harmful effects of environmental exposures to Mn, including the economic implications of intellectual deficits due to Mn toxicity (5) .
Mn is an essential element, necessary for bone mineralization, energy and protein metabolism, regulation of cell metabolism, and protection against oxidative stress (6) . With normal dietary consumption, systemic homeostasis of Mn is maintained by both its rate of transport across enterocytes lining the intestinal wall and its efficient removal in the liver (7) . Ingested Mn is subjected to homeostatic mechanisms that regulate its concentration in the body, but exposure through inhalation bypasses most of these protective mechanisms. Therefore, inhaled Mn poses greater risks of toxicity, as seem to be supported by the preponderance of occupational reports of toxicity in environments with airborne exposure.
Mn shares several characteristics with iron (Fe); both are transition metals with valences of 2 + and 3 + in physiological conditions and proximate ionic radius. In addition, as Mn and Fe both strongly bind to transferrin and accumulate in the mitochondria, low Fe stores are associated with increased Mn uptake and retention in the blood (8) .
Neurotoxic effects resulting from excessive Mn exposure were first described by Couper in 1837 in Scottish laborers grinding Mn black oxide in the chemical industry (9) . Neurological symptoms of manganism include decreased memory and concentration, fatigue, headache, vertigo, equilibrium loss, insomnia, tinnitus, trembling of fingers, muscle cramps, rigidity, alteration of libido, and sweating (10) . Many reports of neurotoxic effects in Mn-exposed workers were later published (for a review, see Zoni et al. (11) ), and the definition of Mn intoxication has evolved to include subclinical signs of intoxication indicated by alterations of neurobehavioral functions (12) .
Mn can accumulate in the central nervous system, particularly the basal ganglia but also the cortex (13). Exposure to Mn was shown to interfere with several neurotransmitter systems, especially in the dopaminergic system in areas of the brain responsible for motor coordination, attention, and cognition (14, 15) . Mn is a potent dopamine oxidant, which could explain the toxic lesions in certain dopaminergic brain regions (16) . Excessive exposure could result in dopamine receptor loss or inactivation through damage to the membrane mediated by free radicals or cytotoxic quinones generated by the Mn catalyzing effect on autooxidation of this neurotransmitter (17) . One hypothesis for the toxic mechanism of Mn is the production of excess free radicals in the nerve cell, potentiating lipid peroxidation and resulting in tissue destruction (18) .
Several factors could predispose children to Mn overexposure and subsequent toxic effects. Exposure to Mn by ingestion or inhalation could have different consequences in children than in adults and through different mechanisms. First, the observed intestinal absorption rate of ingested Mn in children was higher than in adults (19) . Second, high demand for Fe linked to growth could further enhance the absorption of ingested Mn (20) . Third, a low excretion rate was observed in infants due to the poorly developed biliary excretion mechanism in neonatal animals (21) .
Data are lacking on the overall retention of ingested Mn in infants and children, but in mice, rats, and kittens, there is almost a complete absence of biliary Mn excretion during the neonatal period (22) . With inhaled Mn, the ratio of inhaled air/weight is much higher in children, leading to a higher dose of exposure for almost any contaminant in air. Thus, exposure during this period may result in increased delivery of Mn to the brain and other tissues.
Mn neurotoxicity has been extensively studied and a lot has been learned about its mechanism of action at the cellular and molecular levels and the detection of subclinical effects at low exposures, although there is a long way to go until its toxicology can be fully understood. Recently, several literature reviews have been published on aspects such as neurotoxic effects on exposed laborers (15, 23) , the application of magnetic resonance imaging (24) , neuropsychological testing for the assessment of Mn neurotoxicity (11), Mn neurotoxicity focused on neonates (25) , and neurotoxicology of chronic Mn exposure in nonhuman primates (26) .
As far as we know, no study has addressed the issue of children's exposure and the effect on behavior and cognition. Therefore, we propose here to review and summarize the scientific literature on the associations between Mn exposure and effects on children's neuropsychological functions.
METHODOLOGY
A systematic scientific literature search was carried out on the electronic database Medline (National Library of Medicine, Bethesda, Maryland, United States) for 1997-2007, using the keywords manganese, child, children, infant, childhood, adolescents, neurotoxicity, neuropsychological effects, behavior, motor, cognition, cognitive, intellectual functioning, hyperactivity, ADHD, and hyperactive behaviors. Upon reviewing a large number of article abstracts yielded by these search terms, we selected studies for this review only if information was presented that pertained specifically to assessment of the neuropsychological effects on children exposed to Mn from all possible sources. We found six articles on exposed populations in the United States, Canada, Spain, Bangladesh, and Malaysia. In the reference list of those articles, we selected six more investigation reports. Only full-length research articles were reviewed. Table 1 shows a schematic summary of the studies with their general characteristics such as country of origin, type of design, sample size, source of exposure, and outcome investigated. In Table 2 , we summarize the main findings of the studies. The first published article exploring a possible adverse neurobehavioral effect of exposure to Mn was a case-control study conducted in Canada on learningdisabled children (27) . The authors postulated that nutritional deficiencies and exposure to toxic substances, using hair mineral content as an indicator of body burden, would be associated with learning disabilities in children. A cohort of third-and fourth-grade students was evaluated on a series of cognitive scales. The children diagnosed with a learning disability were compared with children without such a diagnosis and were matched by frequency for school attendance, grades, and gender; the groups had similar socioeconomic status. Children with learning disabilities had a significantly higher concentration of hair Mn as well as six other elements (sodium, cadmium, copper, lead, chromium, and lithium), which makes the findings difficult to interpret.
RESULTS
The high Mn concentration in infant milk formula drew the attention of researchers (28), who conducted a twopart study in the United States. First, hair Mn concentration was measured in children fed infant formula and in children exclusively breast-fed. Hair Mn levels were found to increase significantly from 0.19 microgram per gram (µg/g) at birth to 0.69 µg/g at 4 months in the infant formula group; no significant increase was observed in the breast-fed group. Second, the metal levels in the hair of children with hyperactivity were compared with those in age-matched children without this disorder. Signifi-cantly higher levels of Mn were observed in the hair of hyperactive children (0.43 µg/g) than in controls (0.27 µg/g).
Barlow (29) investigated the association of Mn exposure and hyperactivity in the United Kingdom. A hair sample was collected by the family and sent to the researchers by mail. Slightly higher Mn concentrations were detected in children with hyperactivity (0.84 ± 0.64 µg/g) than in controls (0.68 ± 0.45 µg/g), although this difference was not significant (p = 0.10). The author identified several limitations-including the subjectivity of the diagnosis made by different psychiatrists, psychologists, and social workers-and the risk of contamination of hair samples. In addition, the control group was inappropriate, coming from a different area of residence, and socioeconomic status was not controlled.
A research group in China published two articles (30, 31) on the investigation of a rural community with Mn-contaminated drinking water following the use of high-Mn sewage water for irrigation.
The first publication addressed Mn levels in drinking water and children's hair and the associated neurobehavioral effects on children. The second article addressed the association of Mn hair and blood levels with learning deficiencies and the level of neurotransmitters measured in peripheral blood.
The exposed group was composed of 92 students from a village where the concentration of Mn in drinking water was between 0.24 and 0.35 mg per liter (L) for many years. They were compared with children in another rural town with low Mn in water (< 0.03 mg/L).
The children in both groups were evaluated by neurobehavioral tests that assessed emotional state, motor coordination, visual memory, and time of reaction. Children from the exposed village had a mean hair Mn concentration significantly higher than control children (1.25 ± 0.72 µg/g versus 0.96 ± 0.42 µg/g); the same difference was observed with Mn blood levels (33.9 µg/L versus 22.6 µg/L). Children from the exposed village had lower performance (p < 0.01) than controls on 5 of 12 neurobehavioral tests: digit span, Santa Ana manual dexterity, digit symbol, Benton visual retention test, and pursuit aiming test. In addition, exposed children had significantly lower school performance than the control children. Multiple regression analysis showed that school grade for language and mathematics was correlated to serum levels of the neurotransmitters 5-hydroxytryptamine, norepinephrine, and dopamine and to the activity of acetylcholinesterase.
Woolf and associates (32) reported a case of suspected Mn intoxication in a 10-year-old child from a suburb of Boston, Massachusetts (United States). For more than 5 years, the family had used water from a tube well with a very high Mn concentration (1.21 mg/L). The child had high Mn levels in serum (9.00 µg/L, reference normal < 0.27 µg/L), whole blood (38.2 µg/L, reference normal < 14.0 µg/L), and hair (3.09 µg/g, reference normal < 1.20 µg/g). However, magnetic resonance imaging showed no changes in the globus pallidus and basal (Table 2) showed that the child had a normal intelligence quotient (IQ) but unexpectedly poor verbal and visual memory as well as the ability to coordinate alternating movements. The child had no medical history that explained these findings. The detailed neurological evaluation was otherwise normal, with no tremors, normal gait and muscle tone, and no cog wheeling, nystagmus, or fixed faces. The patient's balance was good, fine motor skills and reflexes were normal, and the sensory examination was unremarkable. The mother reported that teachers had noticed the inattentiveness of the child. The family discontinued all use of well water and the residence was connected to the municipal water system. Eighteen months later, teachers continued to observe his difficulty in carrying out certain tasks due to attention deficit. It is noteworthy that the 16-year-old brother of this child had normal psychometric evaluation, with elevated Mn in hair but not in blood.
Takser and associates (33) conducted a prospective epidemiologic study in 247 healthy pregnant women and their babies to investigate the long-term effect of in utero Mn levels on their children's psychomotor development. The population was recruited from a maternity hospital in Paris (France). Mn levels were measured in the mothers' blood and hair at delivery, in umbilical cord blood, and in placental tissue; children's hair and monoamine (dopamine and serotonin) metabolite concentrations were assessed in umbilical cord plasma. Children's development was assessed at 9 months with the Brunet-Lézine scales, and at 3 and 6 years of age with the McCarthy scales. The results showed significant negative correlations between Mn levels in cord blood and nonverbal scales (attention, nonverbal memory) and boys' manual ability at 3 years, after adjusting for potential confounders (sex and mother's educational level). However, no relation between Mn and development subscales was observed at the 6-year follow-up. The authors concluded that the exposure to high in utero Mn levels can affect children's psychomotor development but that sociocultural factors might have masked Mn effects in older children. Finally, it was emphasized that fetal life can be regarded as a period of great vulnerability to Mn toxicity at low environmental levels.
A cross-sectional study was performed in Spain (34) with the objective of investigating correlations between hair metal concentrations and cognitive functions of adolescents living in areas with contrasting levels of industrial contamination. One hundred adolescents (12-14 years old) were selected from schools in urban areas and in the vicinity of the industrial complex in the region of Tarragona, Catalonia. Hair samples were collected for analysis of cadmium, chromium, mercury, lead, Mn, nickel, and tin by inductively coupled plasma mass spectroscopy. The attention span test was used as an indicator of attention, and tests of visuospatial abilities and abstract reasoning were used as a general intelligence index. No significant correlations were found between chromium, Mn, nickel, and tin levels and cognitive measures. A negative correlation was found between hair lead level and the ability to concentrate, after adjustment for socioeconomic status, and a positive correlation was observed between mercury and visuospatial ability. The authors suggested that the mercury might come from consumption of fish, also associated with a high intake of fatty acids with a beneficial effect on brain function.
Wasserman and associates (35) investigated the association between Mn exposure from well water and children's IQ in Bangladesh. In a previous study, Mn levels were found to be associated with arsenic levels, and intellectual function was negatively related to both metals. However, the association between Mn and intellectual function was no longer significant when the level of arsenic in water was included in the regression model. Therefore, a study (36) was designed to test the hypothesis that Mn had an independent effect on cognitive function. In the new study, 54 children were added who lived in houses supplied by water with very low arsenic levels (< 10 µg/L). All children received a complete clinical examination and provided urine samples for determination of arsenic and a blood sample for Mn, lead, and arsenic determination. Intellectual function was evaluated by the Wechsler Intelligence Scale for Children version III (WISC-III), providing three IQ scores: verbal, performance, and full scale. After adjusting for covariables (mother's schooling, quality of housing, access to television, and cranial circumference), increasing Mn water levels were associated with lower IQ on all three scales. Mn levels in water were not associated with Mn in whole blood, and the latter were not associated with WISC-III scores.
In the study conducted by Wright and collaborators (37) , the interaction of children with coexposure to Mn and arsenic was also evaluated. Hair was used as a biomarker, psychometric scales were used to assess cognitive functioning, and a series of other scales were administered for behavioral evaluation (see Table 2 ). The main finding of this study was that high levels of both Mn and arsenic were significantly associated with lower intellectual function and verbal memory scores.
Bouchard and collaborators (38) evaluated children from a community in Quebec, Canada, which was served by municipal water supplied from two wells with different Mn concentrations (0.61 mg/L versus 0.16 mg/L). Forty-six children participated in the study (median age 11 years, range 6-15 years). Mn levels were measured in children's hair, and parents and teachers completed the Conner's Rating Scale on hyperactive/ attention deficit behaviors. The results showed that (1) children living in houses supplied with water at higher Mn concentrations had significantly higher levels of Mn in hair, and (2) hair Mn concentrations were associated with higher scores for hyperactive and oppositional behavior in the classroom after adjusting for age, gender, and family income. In addition, all children with high scores on these subscales, based on clinical cut-off provided by the test manual, had hair Mn levels higher than the upper limit of the reference range (> 3.0 µg/g). An intriguing result of this study is that 90% of the children did not drink water from the tap, but elevated Mn levels were found in hair of a large proportion of them; use of tap water in food preparation or in showering might contribute to the dose of exposure. This pilot study was used to design a larger epidemiologic study on the effects of exposure to Mn in tap water and food.
In another study in the same year, Ericson and associates (39) evaluated neurobehavioral effects with scales that measure the degree of disinhibition. Unlike previous investigations, the enamel of shedding teeth was used as a matrix for Mn determination, with the objective of measuring the previous exposure during the intrauterine stage when these tissues were formed. The children of this study were randomly selected from a cohort of normal newborns from a prospective developmental study started in 1991 in the United States. Three psychometric tests had been directly applied to children in two phases of development: at 36 and 54 months. Scales that assessed behavior were applied to parents and teachers when children were in the first and third grades. The authors concluded that, even after adjusting for levels of lead in the tooth enamel, measured at the same time as Mn, children with high levels of this metal in the uterine phase had higher scores on all scales of disinhibitory behavior: more children played with forbidden toys at 36 months of age, committed more errors by impulsiveness at 54 months, and were more often evaluated by their mothers and teachers as having externalizing and attention problems.
DISCUSSION
The literature on possible adverse effects of exposure to Mn on children's health is relatively sparse, despite the fact that Mn is acknowledged to be a neurotoxin. There are some indications in the literature that Mn exposure might be related to cognitive deficits and hyperactive behaviors.
Five studies reported indications of adverse effects of exposure to Mn in water on the central nervous system of children (29, 31, 32, 36, 38) . Given that high levels of Mn in well water are not uncommon, this situation could pose a significant public health risk. Mn levels corresponding to the level found in the Chinese study to have a significant effect on children (around 0.3 mg/L) are found in 6% of household wells in the United States (40) .
Two studies (33, 39) addressed possible adverse neurobehavioral effects from in utero exposure to Mn, although sources of exposure were not specified. It is well documented that Mn levels rise in the mother's blood, where Mn has an important role as a cofactor of several enzymes that regulate metabolism and bone growth (40, 41) . Although newborns' exposure to Mn through infant milk formula is a cause for concern (see the review by Ericson et al. (39) ), only one investigation addressed this possible source of exposure (29) , despite the fact that baby formulas, especially those based on soybean, have been shown to have considerably high Mn levels (42, 43) .
Children's exposure to Mn resulting from environmental contamination was addressed in Spain (34) , and no significant association was found between Mn levels and cognitive deficits, and in the United States (37) , where significant associations with cognitive deficits have been observed in children living near a mining waste site.
Another study (29) evaluated children from the general population with no known exposure and reported associations based on the level of Mn in different biological tissues. The lack of detailed exposure assessment to identify Mn sources precludes the proper determination of the risk factors and therefore does not allow for proposing solutions to reduce exposure.
Studies published so far have several serious limitations, including sample size, research design, adjustment for potential confounding variables, and control of coexposure to other neurotoxicants. All reviewed studies except that of Takser and colleagues (33) were crosssectional and had a modest sample size. Cross-sectional studies provide less convincing evidence than cohort studies in showing a potentially harmful effect. Most studies attempted to control for confounders by design, selecting a reference group matched on some important variables (i.e., socioeconomic status, age, gender) or controlling confounders by restriction, as in the study of Wasserman et al. (35) , which selected households supplied with water containing low levels of arsenic.
The early studies had greater limitations in this respect. For instance, in the study by Pihl and Parkes (27) , the only controlled variable was age. The significant difference observed in the levels of Mn in hair in children with and without a learning disability could have been associated with metal exposure from other sources-for example, due to airborne particulate matter exposure from vehicular traffic and soil or dust around residences or different levels of exposure to metals from the diet. Although it is known that maternal educational level has a large influence on children's intellectual development, only three of the reviewed studies controlled for this factor (33, 36, 37) .
Studies conducted in the occupational setting reported relationships between neurological outcomes and concentration of airborne Mn. However, the levels of exposure in the general environment are several orders of magnitude lower than in most occupational settings where Mn is present in the process and therefore are more difficult to measure. For example, a concentration of 80.2 µg of Mn per cubic meter (m 3 ) was reported in the air of a ferromanganese plant (44) , a Mn range of 1.5-450 mg/m 3 was reported in mines in the United States (45) , but the level in the air in nonindustrialized regions is expected to be at most 0.15 µg/m 3 (46) . In general, studies that measure exposure from environmental sources will always have weaker exposure levels and consequently the possibility of an association will be overshadowed by confounding variables.
One difficulty in the study of Mn exposure is the lack of a well-recognized bioindicator of exposure. Most studies reviewed here used hair as an indicator of Mn exposure, except for the Wasserman et al. study (36) , which measured Mn in blood, and the Ericson et al. study (39) , which used Mn in the dentin of deciduous teeth as a biomarker of in utero exposure. Use of hair has several advantages over other biomarkers. Hair averages off the variations of Mn levels found in blood or plasma, as it grows an average of 11 millimeters/month, thus representing a time-weighted average over the duration of exposure. In addition, the sample collection procedure is simple, can be performed by minimally trained staff, and is not invasive. A major drawback to the use of hair as a marker of internal dose of exposure is exogenous deposition, which is particularly problematic in the context of exposure to airborne Mn particulates. Washing can minimize the problem of external contamination, but using a very abrasive reagent can erode the capillary structure, leading to loss of endogenous elements. Research would benefit from a standardized washing procedure.
Others have hypothesized the possibility of overexposure to Mn through ingestion of infant milk formula (47) , showering in water with a high Mn level (48) , and adding methylcyclopentadienyl manganese tricarbonyl (MMT) to gasoline (49) . Whether these exposures represent a significant toxic risk remains to be investigated, but some exposure data suggest that might be the case. In a study in South Africa, levels of Mn in deposited dust and in blood of children were compared in Johannesburg, where the gasoline additive MMT had been used for 1 year, and in Cape Town, where MMT is not used. The mean level of Mn in dust and blood was significantly higher in Johannesburg than in Cape Town (blood Mn 9.8 ± 3.6 µg/L versus 6.7 ± 3.5 µg/L). In addition, a significant association was found between Mn in classroom dust and children's Mn blood levels (50) .
Although limited by poor study design and difficulties in exposure assess-ment, the evidence of adverse effects from Mn environmental exposure on children is compelling enough to warrant further research. Future investigations based on a prospective design will shed more light on the relation of Mn exposure and neuropsychological effects on environmentally exposed children. Finally, it is of paramount importance that epidemiologic studies include a comprehensive environmental assessment in order not only to better understand the exposure pathways but also to provide reliable data for risk assessment, which can be used later to design efficient interventions to abate exposure.
